1. Introduction {#sec1}
===============

Shale gas is an important unconventional natural gas resource that exists in shale reservoir and a significant compensation for conventional natural gas resource.^[@ref1]−[@ref4]^ Shale gas, both in adsorbed and free states, appears mainly in nanoscale pores and microcracks.^[@ref5]−[@ref8]^ Adsorption gas volume is one of key parameters for calculating shale gas reserves as it generally accounts for 20--85% of total gas volume in shale.^[@ref9]−[@ref12]^

The methane adsorption amount of shale samples is currently determined by isotherm adsorption experiment (MIAE) following the experimental technology of coal reservoir.^[@ref13]−[@ref20]^ Researchers have carried out a large number of MIAEs on coal and shale samples.^[@ref21]−[@ref27]^ They found that if the adsorption capacity of the sample is low, e.g., shale or low-rank coal, the adsorption amount will rise first and then decrease with the increase in experimental pressure. This is called adsorption reduction.^[@ref28],[@ref29]^

Shale has a relatively low adsorption capacity (generally less than 2 cm^3^/g) compared with coal (generally above 10 cm^3^/g)^[@ref30]−[@ref36]^ and is sensitive to experimental technologies and conditions. The impact of some factors on the adsorption amount during the MIAE is amplified, which leads to the occurrence of adsorption reduction.^[@ref28]^ The testing result with adsorption reduction is of course not the true reflection of adsorption capacity for shale reservoir. Therefore, clarifying this phenomenon will improve the accuracy of resource estimation and economic evaluation of shale gas.^[@ref13],[@ref29]^

Free space volume is one of the important parameters for calculating the experimental adsorption capacity volume. Helium is used in the determination. However, the diameter of helium molecule (0.26 nm) is smaller than that of methane (0.38 nm), and helium molecules can enter pores that methane molecules cannot. This causes the free space volume measured by helium to be larger than the true value.^[@ref28],[@ref37],[@ref38]^ Therefore, the free space volume reduction (FSVR) can make the experimental adsorption amount closer to its true value. Based on MIAE, Tian et al. studied the adsorption reduction after eliminating the cumulative error of the experimental system.^[@ref39],[@ref40]^ They suggested that FSVR is the root cause of adsorption reduction. In addition, the electronic sensor error and system cumulative error will not cause the reversal change in shape of the adsorption curve.

The result of MIAE, the adsorption amount, is called the excess adsorption amount (experimental adsorption amount also). The volume of methane in the adsorbed phase is not considered in its calculation process. Comparatively, the adsorption amount obtained by considering the volume of adsorbed-phase methane in the calculation is called the absolute adsorption amount. Therefore, it is necessary to convert the excess adsorption amount into the absolute adsorption amount.^[@ref41]−[@ref43]^ Using the improved calculation method of adsorption phase density of methane, Zhou et al. investigated the impact of excess adsorption amount conversion (EAAC) on adsorption reduction.^[@ref38],[@ref44]^ Their results indicated that the essence of adsorption reduction is the excess adsorption of supercritical methane.

Blank test is the MIAE of materials that have no adsorption capacity (such as steel balls), of which the testing result should be zero but normally not. The adsorption amount of the shale sample at a certain pressure minus the volume of blank test at the same pressure is called blank test correction (BTC). It can reduce the impact of systematic errors on the experimental adsorption amount. Through MIAE and numerical calculation, Ma et al. conducted a semiquantitative evaluation of the factors impacting the adsorption reduction.^[@ref28]^ They demonstrated that after BTC, the adsorption reduction disappears gradually as the experimental pressure grows.

It is known from previous studies that main impacting factors on adsorption reduction of shale are FSVR, EAAC, and BTC. However, only qualitative and semiquantitative analyses of those factors affecting adsorption reduction have been carried out. A few people have studied the degree to which various factors impact adsorption reduction, and the mechanism of each factor causing adsorption reduction in the MIAE process is still unclear.

Based on the above discussion, in this paper, six shale samples were collected from the Permian Longtan Formation in the western Guizhou Province, China. Using volumetric MIAE and data calculation, the impact of FSVR, EAAC, and BTC on the experimental adsorption amount of shale samples and the dynamic process of adsorption reduction during MIAE was investigated. Then, the effect of the above three factors on the adsorption reduction was evaluated. Finally, the correction method of adsorption reduction was raised and tested.

2. Samples, Experiments, and Theories {#sec2}
=====================================

2.1. Samples {#sec2.1}
------------

Six shale samples were selected from the Permian Longtan Formation in western Guizhou Province, China, and their basic properties are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. According to the Chinese national standard for the determination of total organic carbon in sedimentary rocks (GB/T19145-2003),^[@ref45]^ the total organic carbon content (TOC) was measured using a carbon-sulfur analyzer (multiEA4000). True density (TRD) was measured following the Chinese national standard for industrial analysis (GB/T212-2008).^[@ref46]^ Based on the conventional core analysis method (SY/T5336-2006),^[@ref47]^ the porosity and permeability were measured by the ULTRA-PERM 200 permeability meter. An oil and gas display evaluator (OG-2000 V) was used to determine the soluble hydrocarbon (*C*~1~), pyrolysis hydrocarbon (*C*~2~), and residual organic carbon (*C*~3~) content under the Chinese national standard for rock pyrolysis analysis (GB/T18602-2012).^[@ref48]^

###### Basic Properties of Shale Samples[a](#t1fn1){ref-type="table-fn"}

  sample no.   TOC (%)   TRD (g/cm^3^)   porosity (%)   permeability (10^--6^ μm^2^)   *C*~1~ (mg/g)   *C*~2~ (mg/g)   *C*~3~ (mg/g)
  ------------ --------- --------------- -------------- ------------------------------ --------------- --------------- ---------------
  Y1           0.18      2.72            4.50           1.19                           0.06            0.03            0.96
  Y2           0.30      2.64            4.39           1.05                           0.02            0.02            2.81
  Y3           1.29      2.65            3.25           0.64                           0.05            0.08            17.12
  Y4           1.32      2.68            2.75           0.12                           0.03            0.03            13.63
  Y5           2.49      2.66            3.74           0.51                           0.04            0.03            22.03
  Y6           3.51      2.63            3.25           0.84                           0.03            0.04            18.89

Note: TOC, total organic carbon content (%); TRD, true density (g/cm^3^); *C*~1~, *C*~2~, and *C*~3~, the content of soluble hydrocarbons, pyrolysis hydrocarbons, and residual organic carbon, respectively (mg/g).

2.2. Experiments {#sec2.2}
----------------

MIAE of shale mainly includes volumetric and gravimetric methods, and adsorption reduction exists in both of them.^[@ref38]^ According to the principle of material conservation, volumetric MIAE calculates the adsorption amount by measuring the change in methane amount after methane adsorption.^[@ref28]^ Meanwhile, gravimetric MIAE, based on the theory of mechanical equilibrium, obtains the adsorption amount by measuring the variation of sample weight after methane adsorption.^[@ref44]^ The measuring principles of the two methods are different, and the influencing factors of the adsorption reduction also vary. At present, the most common application is the volumetric method.^[@ref38]^ Therefore, we mainly study the adsorption reduction in volumetric MIAE in this research, and that in gravimetric MIAE can be compared subsequently.

Based on methane isothermal adsorption capacity test technology of shale (GB/T35210.1-2017),^[@ref49]^ volumetric MIAE was carried out using an IS-100 high-pressure gas isothermal adsorption/desorption instrument ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The experimental temperature was 303 K, and the error was within 0.2 K. The maximum experimental pressure was approximately 13 MPa, and the pressure accuracy was 3.51 kPa. The adsorption amount of methane was measured at eight experimental pressure values, i.e., 1, 2, 4, 5, 7, 9, 11, and 13 MPa. The adsorption equilibrium time of each experimental pressure value was longer than 2 h. Helium and methane were used as test gases for the free space volume and the experimental adsorption amount of methane, respectively. Their purity was both higher than 99.99%.

![Schematic diagram of volumetric methane isotherm adsorption instrument. Note: 1, methane cylinder; 2, helium cylinder; 3, booster pump; 4, vacuum pump; 5, reference cylinder; 6, sample cylinder; 7, methane cylinder valve; 8, helium cylinder valve; 9, reference cylinder valve; 10, sample cylinder valve; 11, incubator; P, pressure gauge; T, thermometer.](ao0c01286_0001){#fig1}

Samples were crushed to a size less than −60 mesh and degassed at a temperature of 378.15 K in a high-vacuum container for more than 24 h to remove air, free water, and other gases. Then, the samples were loaded into the sample cylinder and the volume of samples was kept two-thirds larger than that of sample cylinder. After checking the air tightness of the instrument, the free space volume and methane adsorption amount were measured in sequence.

### 2.2.1. Free Space Volume {#sec2.2.1}

Free space volume refers to the space in the sample cylinder other than the sample particle volume. It includes the void space between sample particles, space remaining in the sample cylinder, and internal space of connecting the tube and valve.^[@ref24]^ It is determined by two equilibria ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Helium gas was used in this experiment.

For the first equilibrium, close valve 10 between the reference and sample cylinder. Then, open valve 8 of the helium cylinder and valve 9 between the reference cylinder and helium cylinder. After adjusting the pressure of the reference cylinder to 6.5 MPa (one-half of the maximum experimental pressure of 13 MPa), close valves 8 and 9 and record the pressure and temperature values of reference and sample cylinders.

For the second equilibrium, open valve 10 between the sample and reference cylinder. After the pressure is balanced, record the pressures and temperatures of reference and sample cylinders. The free space volume is calculated based on the pressure and temperature data obtained from the two equilibria and the calculation method is described in [Section [2.3.1](#sec2.3.1){ref-type="other"}](#sec2.3.1){ref-type="other"}. Doing the measurement three times is necessary and the helium in the reference and sample cylinders should be emptied after each measurement. The allowable error of calculation results is ±0.1 cm^3^ and the final free space volume is the average of the three results.

### 2.2.2. Experimental Adsorption Amount of Methane and Blank Test {#sec2.2.2}

Determination of the experimental adsorption amount of methane at each experimental pressure value also includes two equilibria ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

For the first equilibrium, close valve 10 between the reference and sample cylinders. Then, open valve 7 of the methane cylinder and valve 9 between the reference and methane cylinders. After adjusting the pressure of reference cylinder to the first experimental pressure value (1 MPa), close valves 7 and 9 and record the pressure and temperature values of the two cylinders.

For the second equilibrium, open valve 10 between the sample and reference cylinders. After the pressure is balanced, record the pressures and temperatures of both cylinders.

According to the above-mentioned steps, the adsorption amount of methane was tested at eight pressure values, that is, 1, 2, 4, 5, 7, 9, 11, and 13 MPa. The calculation method is described in [Section [2.3.2](#sec2.3.2){ref-type="other"}](#sec2.3.2){ref-type="other"}.

Blank test is the MIAE of materials that have no adsorption capacity (such as steel balls). All experimental conditions and steps are the same as those used for the MIAE.

2.3. Theories and Methodologies {#sec2.3}
-------------------------------

According to the principle of matter conservation and MIAE data of shale samples, the equation of state of gas was used for the calculations. The free space volume, experimental adsorption amount, variation rate of adsorption amount, and absolute adsorption amount were obtained.

### 2.3.1. Free Space Volume {#sec2.3.1}

Free space volume can be calculated using the data of the helium isotherm adsorption experiment (refer to [Section [2.2.1](#sec2.2.1){ref-type="other"}](#sec2.2.1){ref-type="other"}). According to the principle of matter conservation, the total mess of helium in the instrument is constant after the first and second equilibria ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) (GB/T35210.1-2017).^[@ref49]^where *n*~1~ and *n*~3~ are the helium mess in the reference cylinder after the first and second equilibria, respectively (mol), and *n*~2~ and *n*~4~ are the helium mess in the sample cylinder after the first and second equilibria, respectively (mol).

According to the equation of gas state, the helium mess *n* can be calculated based on the volume, compression factor, pressure, and temperature of helium ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}).where *n* is the helium mess (mol), *P* is the experimental pressure (MPa), *V* is the volume of helium (cm^3^), *Z* is the compression factor of helium and is executed in accordance with GB/T17747.2-2011, *R* is the constant of molar gas (8.31 J/(mol·K)), and *T* is the experimental temperature (303 K).

Free space volume *V*~f~ can be calculated ([eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}) by combining [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}.where *V*~f~ is the free space volume (cm^3^), *V*~r~ is the volume of reference cylinder (cm^3^), *P*~1~ and *P*~3~ are the pressure values of reference cylinder after the first and second equilibria (MPa), *P*~2~ and *P*~4~ are the pressure values of sample cylinder after the first and second equilibria (MPa), *T*~1~ and *T*~2~ are the experimental temperature values after the first and second equilibria (K), *Z*~1~ and *Z*~3~ are the gas compression factors of reference cylinder after the first and second equilibria, and *Z*~2~ and *Z*~4~ are the gas compression factors of the sample cylinder after the first and second equilibria, respectively.

### 2.3.2. Adsorption Methane Volume {#sec2.3.2}

According to the principle of matter conservation, the increase in the adsorption methane mess Δ*n~i~* at the *i*-th pressure value can be calculated from the change in the free methane mess obtained by the two equilibria ([eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}) (GB/T35210.1-2017).^[@ref49]^where Δ*n~i~* is the increase in the adsorption methane mess at the *i*-th pressure value (mol), *n*~*i*1~ and *n*~*i*3~ are the free methane mess in the reference cylinder at the *i*-th pressure value after the first and second equilibria (mol), and *n*~*i*2~ and *n*~*i*4~ are the free methane mess in the sample cylinder at the *i*-th pressure value after the first and second equilibria, respectively (mol).

By combining [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"}, [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} is obtained.where *P*~*i*1~ and *P*~*i*3~ are the pressure values of the reference cylinder at the *i*-th pressure value after the first and second equilibria (mol), *P*~*i*2~ and *P*~*i*4~ are the pressure values of the sample cylinder at the *i*-th pressure value after the first and second equilibria (mol), *T*~*i*1~ and *T*~*i*2~ are the experimental temperatures at the *i*-th pressure value after the first and second equilibria (K), *Z*~*i*1~ and *Z*~*i*3~ are the gas compression factors of the reference cylinder at the *i*-th pressure value after the first and second equilibria, *Z*~*i*2~ and *Z*~*i*4~ are the gas compression factors of the sample cylinder at the *i*-th pressure value after the first and second equilibria, respectively, *R* has the same meaning as in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, and *V*~f~ and *V*~r~ have the same meaning as in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}.

Total mess of adsorption methane *n~i~* at the *i*-th pressure value is shown in [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}.

After standard state correction (273.15 K and 101.325 kPa) of total mess *n~i~*, the experimental adsorption amount of unit mass sample at the *i*-th pressure value is obtained ([eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}).where *V*~a*i*~ is the experimental adsorption amount of unit mass sample at the *i*-th pressure value (cm^3^/g), *n~i~* is the total mess of the adsorption methane at the *i*-th pressure value (mol), and *m*~d~ is the quality of sample (g).

It can be seen from [eqs [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} to [7](#eq7){ref-type="disp-formula"} that the calculation of the experimental adsorption amount contains free space volume, and thus, the change in free space volume can cause a variation in the experimental adsorption amount directly.

The variation rate of experimental adsorption amount *r* refers to the ratio of the change in the corrected experimental adsorption amount to the original value. The former was adjusted by FSVR, EAAC, and BTC. [Equation [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} presents its calculation. It can reflect the effect of varying conditions on the experimental adsorption amount. When this rate is greater than 0, it is called the growth rate, which means the increase in experimental adsorption amount; when this rate is less than 0, then it is called the decrease rate, which indicates the decrease in experimental adsorption amount. The magnitude of the absolute value of the rate indicates the magnitude of the change in the experimental adsorption amount.where *r* is the variation rate of experimental adsorption amount (%), and *V*~c~ and *V*~o~ are the experimental adsorption amount values after changing conditions and the original value, respectively (cm^3^/g).

### 2.3.3. Excess Adsorption Amount Conversion {#sec2.3.3}

During MIAE, the shale sample adsorbs methane molecules continuously, and part of methane molecules converts from the free phase to adsorbed phase, thereby reducing the methane molecules of the free phase. However, in the process of measuring the experimental adsorption amount, it is artificially assumed that the volume of methane of free phase is constant. This will lead to the overestimation of methane volume in the free phase and cause the experimental adsorption amount of sample to be smaller than the actual adsorption amount ultimately ([eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}).

Based on the experimental results of MIAE, the adsorption amount calculated by [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} is called the excess adsorption amount (experimental adsorption amount also). The volume of methane in the adsorbed phase is not considered in its calculation process. Comparatively, the adsorption amount obtained by considering the volume of adsorbed-phase methane in the calculation process is called the absolute adsorption amount. Since the reduction of free-phase methane volume is neglected, the excess adsorption amount is always smaller than the absolute adsorption amount. Therefore, it is necessary to convert the excess adsorption amount into the absolute adsorption amount.^[@ref41]^

According to the definition of Moffat and Weale,^[@ref50]^ the excess adsorption amount *V*~a*i*~ and the absolute adsorption amount *V*~ab~ of methane can be converted by [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}.where *V*~ab~ is the absolute adsorption amount of methane (cm^3^/g), *V*~a*i*~ is the excess adsorption amount (cm^3^/g) and it is also the experimental adsorption amount and has the same meaning as in [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}, and ρ~free~ and ρ~ad~ are the densities of methane in the free phase and adsorbed phase, respectively (g/cm^3^).

The calculations for the density ρ~free~ and mass *m*~free~ of free-phase methane are shown in [eqs [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} and [11](#eq11){ref-type="disp-formula"}, respectively.where ρ~free~ is the density of free-phase methane (g/cm^3^), *m*~free~ is the mass of free-phase methane (g), *V*~free~ is the volume of free-phase methane (cm^3^), *n*~free~ is the free-phase methane mess (mol), and *M* is the relative molecular mass of methane (16.04 g/mol).

[Equation [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} can be obtained by combining [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, [10](#eq10){ref-type="disp-formula"}, and [11](#eq11){ref-type="disp-formula"}.where *P*, *Z*, *R*, and *T* have the same meaning as in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, and ρ~free~ and *M* have the same meaning as in [eqs [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} and [11](#eq11){ref-type="disp-formula"}, respectively.

The conversion [eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"} of excess adsorption amount and the absolute adsorption amount of methane can be obtained by combining [eqs [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} and [12](#eq12){ref-type="disp-formula"}.where *V*~ab~ has the same meaning as in [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}, *V*~a*i*~ and *M* have the same meaning as in [eqs [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} and [11](#eq11){ref-type="disp-formula"}, respectively, and *P*, *Z*, *R*, and *T* have the same meaning as in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}.

3. Results and Discussion {#sec3}
=========================

Based on volumetric MIAE and calculation, the effect of FSVR, EAAC, and BTC on the adsorption amount and the adsorption reduction was discussed respectively. Moreover, the dynamic process and the correction of this phenomenon were explored and tested separately.

3.1. Adsorption Reduction of Shale Samples {#sec3.1}
------------------------------------------

The MIAE results of shale samples are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Those samples have different adsorption capacities, and their maximum experimental adsorption amount values are 0.78, 0.89, 1.55, 1.86, 2.36, and 2.88 cm^3^/g. It can be seen from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} that the adsorption amount of shale samples increases first and then decreases as the experimental pressure grows. It is obvious that adsorption reduction does exist in all shale samples.

![Methane adsorption curve of shale samples.](ao0c01286_0002){#fig2}

The experimental pressure corresponding to the maximum experimental adsorption amount of shale sample is defined as the pressure on the maximum adsorption amount (PMAA), which is different from the maximum experimental pressure (13 MPa). When the experimental pressure is less than the PMAA, the adsorption amount rises with the increase in pressure; however, when the experimental pressure is above the PMAA, the adsorption amount decreases with the increase in experimental pressure, resulting in the adsorption reduction. The PMAA values of six samples are 4, 4, 4, 4, 9, and 9 MPa separately ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows that the adsorption amount has different variation trends at various experimental pressure ranges. Conventionally, the adsorption stage should be divided by the absolute adsorption curve, not by the experimental adsorption curve. However, to reflect the original characteristics of experimental adsorption curve and compare the effects of different correction methods on it, the experimental adsorption curve is used and divided it into three stages.

At the first stage (strong adsorption stage), all the shale samples have strong adsorption on methane, and the adsorption amount rises rapidly with the increase in experimental pressure ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The experimental pressure ranges of six shale samples at this stage are about 0--1, 0--1, 0--2, 0--2, 0--4, and 0--4 MPa.

At the second stage (approximate saturation stage), the adsorption of methane by the shale sample is gradually weakened, and the adsorption amount grows slowly with increasing experimental pressure ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The experimental pressure ranges of samples at this stage are 1--4, 1--4, 2--4, 2--4, 4--9, and 4--9 MPa separately.

In addition, at the third stage (adsorption reduction stage), the adsorption amount decreases gradually with the increase in experimental pressure, indicating the occurrence of adsorption reduction. Meanwhile, the reduction of adsorption amount rises with the growing experimental pressure, which leads to the adsorption reduction becoming increasingly obvious ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The experimental pressure ranges of samples at this stage are 4--13, 4--13, 4--13, 4--13, 9--13, and 9--13 MPa. It can be seen that methane is in a supercritical state during this stage (the critical temperature and pressure of methane are 190.15 K and 4.64 MPa, respectively).

3.2. Factors Impacting Adsorption Reduction {#sec3.2}
-------------------------------------------

It can be seen from [Section [1](#sec1){ref-type="other"}](#sec1){ref-type="other"} that the adsorption reduction of shale is mainly affected by FSVR, EAAC, and BTC. Under the impact of one of these factors, the adsorption amount and PMAA will change to some extent, thereby affecting the adsorption reduction. The larger the increase in pressure on maximum adsorption amount (IPMAA) is, the more favorable this factor is to weaken the phenomenon. Therefore, the variation rate of adsorption amount and IPMAA were used to evaluate the effect of various factors on this phenomenon of shale.

### 3.2.1. Free Space Volume Reduction {#sec3.2.1}

Through experiments and calculations, Fang et al. found that the difference between free space volume measured by helium and the theoretical value of free space volume is about 0.1 cm^3^.^[@ref29],[@ref39]^ Meanwhile, the allowable error for the determination of free space volume in the Chinese national standard for MIAE of the shale sample is also 0.1 cm^3^ (GB/T35210.1-2017).^[@ref49]^ It is thus suggested that the maximum possible error of free space volume is 0.2 cm^3^. Tian et al. studied the effect of free space volume on the adsorption reduction and discovered that free space volume can affect the orientation of adsorption curve when it changes only in the range of 0.4--0.6 cm^3^.^[@ref40]^ Therefore, 0.1, 0.2, 0.4, and 0.6 cm^3^ were set artificially as FSVR in this section. The variation rate of adsorption amount and IPMAA were used to study the impact of FSVR on the experimental adsorption amount and adsorption reduction ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

![Adsorption amount of shale samples (a--f) after free space volume reduction adjustments.](ao0c01286_0003){#fig3}

![Variation rate (*r*) of adsorption amount (a--f) after free space volume reduction adjustments.](ao0c01286_0004){#fig4}

###### Pressure on the Maximum Adsorption Amount (PMAA) after the Reduction of Free Space Volume[a](#t2fn1){ref-type="table-fn"}

                  reduction of free space volume                                  
  ---- ------ --- -------------------------------- --- ---- ----- ---- ----- ---- -----
  Y1   0.78   4   5                                1   13   9\*   13   9\*   13   9\*
  Y2   0.89   4   4                                0   9    5     13   9\*   13   9\*
  Y3   1.55   4   4                                0   9    5     13   9\*   13   9\*
  Y4   1.86   4   4                                0   7    3     13   9\*   13   9\*
  Y5   2.36   9   9                                0   11   2     13   4\*   13   4\*
  Y6   2.88   9   9                                0   13   4\*   13   4\*   13   4\*

Note: *V*~max~ is the maximum experimental adsorption amount (cm^3^/g); *P*~br~ and *P*~ar~ are PMAA values before and after the reduction of free space volume, respectively (MPa); Δ*P*~r~ is the increase in PMAA after the reduction of free space volume (MPa); asterisk (\*) indicates that the adsorption reduction has disappeared.

After free space volume declines, the adsorption amount of shale samples at each pressure rises, and the variation rate increases as the experimental pressure grows ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). This indicates that the impact of free space volume on the adsorption amount enhances gradually as the experimental pressure grows.

It can be seen from [eqs [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} to [7](#eq7){ref-type="disp-formula"} that the free space volume has a negative correlation with the adsorption amount. If the free space volume is reduced, then the calculation result of the experimental adsorption amount will inevitably increase, and this increment will be accumulated at each pressure. As a result, the variation rate of the experimental adsorption amount increases as the experimental pressure rises ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}).

Furthermore, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} also shows that the effect of free space volume on the experimental adsorption amount differs in the three adsorption stages of shale reservoir. Sample Y4 is described as an example here ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d).

At the strong adsorption stage (experimental pressure is 0--2 MPa), the variation rate of adsorption amount is 3.33--5.79% after the free space volume is reduced by 0.2 cm^3^. This indicates that the free space volume has a weak impact on the adsorption amount and makes the volume increase slightly at this stage.

At the approximate saturation stage (experimental pressure is 2--4 MPa), the variation rate is 5.79--6.83%, indicating that the impact of FSVR on the adsorption amount is stronger than that at the strong adsorption stage.

In addition, at the adsorption reduction stage (experimental pressure is 4--13 MPa), the variation rate is 6.83--18.84%, which demonstrates that FSVR has the strongest effect on the adsorption amount at this stage.

Other samples have the similar feature as discussed above.

Moreover, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} show that after FSVR, the adsorption amount and PMAA change, thereby causing the adsorption reduction to remain unchanged (IPMAA is 0 MPa), weaken, or disappear (IPMAA is larger than 0 MPa).

While FSVR is 0.1 cm^3^, the IPMAA of most samples is 0 (except for sample Y1), and adsorption reduction hardly changes. In addition, when FSVR is 0.2 cm^3^, the IPMAA of samples increases, indicating that the adsorption reduction has been weakened. Notably, the adsorption reduction in samples Y1 and Y6 disappears here. Furthermore, when FSVR is 0.4 and 0.6 cm^3^, respectively, the adsorption reduction phenomenon of all samples disappears ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

The above result shows that the larger the FSVR, the greater the IPMAA, and the easier it is for the adsorption reduction to weaken. There are two reasons. On the one hand, according to the equation for calculating the experimental adsorption amount ([eqs [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}--[7](#eq7){ref-type="disp-formula"}), a decrease in the free space volume directly results in an increase in the experimental adsorption amount, and the larger the decrease, the greater the increase. On the other hand, due to the accumulation of calculations, the increase in the experimental adsorption amount will rise as the experimental pressure grows.

### 3.2.2. Excess Adsorption Amount Conversion {#sec3.2.2}

The discussion in [Section [2.3.3](#sec2.3.3){ref-type="other"}](#sec2.3.3){ref-type="other"} indicates that the volume of methane in the free phase is assumed to be constant, which leads to a deviation in the calculation of experimental adsorption amount. Therefore, it is necessary to convert the excess adsorption amount into the absolute adsorption amount using [eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"}.

Previous studies have shown that the density can be calculated in various ways, and different results are obtained. The densities calculated by the ZGR (EOS) and the Ono--Kondo model are 0.345 and 0.354 g/cm^3^, respectively, while the density calculated by the volume element method of van der Waals is 0.374 g/cm^3^.^[@ref51]^ In addition, Mavor et al. used the density at boiling point (0.422 g/cm^3^) as the density of adsorbed-phase methane.^[@ref52]^

Zhou et al. considered that the applicability of the method setting the density of adsorbed-phase methane as a constant value was poor and proposed an improved method for the density, which successfully corrected adsorption reduction.^[@ref44]^ The writers believe that the classical densities are reasonable to some extent. Therefore, writers attempt to correct the adsorption reduction by other methods based on those classical densities, and the correction method will be discussed in [Section [3.4](#sec3.4){ref-type="other"}](#sec3.4){ref-type="other"}.

Using the above four classical densities, the excess adsorption amount was converted into absolute adsorption amount in this section, and the impact of EAAC on the experimental adsorption amount and adsorption reduction of six shale samples was investigated. The calculation results are shown in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}.

![Adsorption amount of shale samples (a--f) after excess adsorption amount conversion.](ao0c01286_0005){#fig5}

![Variation rate (*r*) of adsorption amount (a--f) after excess adsorption amount conversion.](ao0c01286_0006){#fig6}

[Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"} show that after EAAC, the adsorption amount of shale samples at each pressure value increases, and the variation rate of adsorption amount rises as the pressure grows. This indicates that the impact of EAAC on adsorption amount enhances gradually with the growing pressure.

It can be known from [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} that the density of free-phase methane is smaller than that of adsorbed-phase methane, and EAAC will inevitably cause an increase in excess adsorption amount. At the same time, the rise in pressure and excess adsorption amount will lead to an increase in calculation results, causing the variation rate of adsorption amount to rise with the growing pressure.

Moreover, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} also shows that the effect of EAAC on the adsorption amount differs at the three adsorption stages. Sample Y4 is again used as an example to describe the process ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d).

At the strong adsorption stage, with EAAC using the density of 0.345 g/cm^3^, the variation rate of the adsorption amount is 1.71--3.90%.

At the approximate saturation stage, the variation rate is 3.90--7.99%, concluding that the impact of EAAC on adsorption amount at this stage is stronger than that at the former stage.

While at the adsorption reduction stage, the variation rate is 7.99--32.12%, which demonstrates that EAAC has the strongest effect on the experimental adsorption amount among the three stages.

As can be seen from [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, the PMAA of shale samples increases after EAAC by different densities (except for sample Y6). It indicates that EAAC can weaken the adsorption reduction. There are two reasons. On the one hand, according to the conversion [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}, EAAC can increase the adsorption amount, and the larger the excess adsorption amount is, the greater the absolute adsorption amount will be. On the other hand, the increase in adsorption amount caused by EAAC rises gradually with the growing pressure.

###### Pressure of the Maximum Adsorption Amount (PMAA) after Conversion of Excess Adsorption Amount[a](#t3fn1){ref-type="table-fn"}

                  conversion of excess adsorption amount                              
  ---- ------ --- ---------------------------------------- --- ---- --- ---- --- ---- ---
  Y1   0.78   4   9                                        5   9    5   9    5   9    5
  Y2   0.89   4   9                                        5   9    5   9    5   9    5
  Y3   1.55   4   9                                        5   9    5   9    5   9    5
  Y4   1.86   4   5                                        1   5    1   5    1   5    1
  Y5   2.36   9   11                                       2   11   2   11   2   11   2
  Y6   2.88   9   9                                        0   9    0   9    0   9    0

Note: *V*~max~ is the maximum experimental adsorption amount (cm^3^/g); *P*~bc~ and *P*~ac~ are the PMAA values before and after the conversion of excess adsorption amount, respectively (MPa); Δ*P*~c~ is the increase in PMAA after the conversion of excess adsorption amount, MPa.

Notably, the value of adsorbed phase density cannot change this weakening effect on adsorption reduction. The reason is that the absolute adsorption amount calculated by different densities has little difference and will not cause the reversible change in the adsorption curve.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows that adsorption reduction also appears in the absolute adsorption curve, which is similar to the results reached by Fang et al., Ma et al., and Zhou et al.^[@ref28],[@ref29],[@ref44]^ Methane is in a supercritical state at high pressure, and the experimental adsorption amount will decrease, which is the essential characteristic of the supercritical fluid. However, according to the definition of absolute adsorption amount, the absolute adsorption curve should not show adsorption reduction.^[@ref44]^ The absolute adsorption amount in this paper does decrease, which indicates that the experimental data should be corrected (the method of correction will be discussed in [Section [3.4](#sec3.4){ref-type="other"}](#sec3.4){ref-type="other"}) before the conversion of the excess adsorption amount.

### 3.2.3. Blank Test Correction {#sec3.2.3}

The isothermal adsorption instrument consists of multiple cylinders, a series of sensors and valves, and a control system ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). They may become the sources of errors in the measurement of adsorption amount, such as the error of pressure sensor, error of state equation, error of gas purity, etc. Theoretically, the adsorption amount of materials without an adsorption capacity should be 0 cm^3^/g at any condition. However, due to the impact of systematic errors, the isothermal adsorption curve of materials without any adsorption capacity is not a straight line with a value of zero. The adsorption curve obtained by blank test is a comprehensive reflection of these systematic errors.^[@ref28]^

To investigate the effect of BTC on experimental adsorption amount and adsorption reduction of shale samples, blank test was carried out through an instrument mentioned in [Section [2.2.1](#sec2.2.1){ref-type="other"}](#sec2.2.1){ref-type="other"} with steel balls of which the diameter is 1 mm. As the six shale samples used the same set of sample and reference cylinders, the blank test results of these samples were the same. The blank test results and correction results are shown in [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}.

![Adsorption amount of shale samples (a--f) after the correction of blank test.](ao0c01286_0007){#fig7}

![Variation rate (*r*) of adsorption amount after the correction of blank test.](ao0c01286_0008){#fig8}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows that the maximum adsorption amount of the blank test does not exceed 0.22 cm^3^/g, which is similar to the result (0.2 cm^3^/g) of Ma et al.^[@ref28]^ Blank test is a comprehensive reflection of systematic errors and is corrected by subtracting the adsorption amount of blank test from the experimental adsorption amount of shale samples. Systematic errors in the adsorption experiment of steel balls and shale samples may be different as the property and structure of steel ball and shale are diverse. However, there are no precise theories or instruments to calculate or measure these systematic errors. Therefore, this correction method is used temporarily to eliminate systematic errors as much as possible.

It can be seen from [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} that when the experimental pressure is less or greater than 2 MPa, the adsorption amount of blank test increases and decreases, respectively. This is the comprehensive reflection of systematic errors. So, it is necessary to correct the blank test.

In addition, for [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, when the experimental pressure is less than 4 MPa, the absolute value of the decrease rate of experimental adsorption amount reduces as the pressure grows. This indicates that the impact of BTC on the experimental adsorption amount diminishes gradually as the pressure increases at this pressure range. However, when the experimental pressure is equal to or greater than 4 MPa, the absolute value of decrease rate rises as the pressure grows. It demonstrates that the impact of BTC on the experimental adsorption amount enhances gradually as the pressure increases at this pressure stage.

Furthermore, as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, the variation rate of adsorption amount at the same pressure declines as the adsorption capacity of shale samples enhances. The systematic error at the same pressure is considered to be constant, so the larger the adsorption amount at this pressure, the smaller the effect of the systematic error on the adsorption amount.

In addition, the effect of BTC on the experimental adsorption amount differs in three adsorption stages mentioned above. Here, the results for sample Y4 are still used to describe the process ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

At the strong adsorption stage, the variation rate of experimental adsorption amount of sample Y4 reduces from −6.71 to −4.00%. This indicates that at this stage, BTC can decrease the experimental adsorption amount, and the reduction magnitude declines gradually.

At approximate saturation stage, the variation rate reduces from −4.00 to −2.18%, suggesting that BTC can only decrease the experimental adsorption amount slightly at this stage.

While at adsorption reduction stage, the variation rate increases from −2.18 to 14.86%, which demonstrates that at this stage, BTC can increase the experimental adsorption amount and the grown amplitude increases gradually with the rise in experimental pressure.

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} simultaneously shows that IPMAA values of six shale samples are 5, 5, 5, 1, 0 and 0 MPa. This indicates that BTC can weaken the adsorption reduction, and the larger the adsorption capacity of the shale sample is, the slighter the weakening effect will be. On the one hand, BTC can increase the experimental adsorption amount, and the correction value of BTC increases gradually with growing pressure, which can weaken the adsorption reduction phenomenon. On the other hand, the larger the experimental adsorption amount, the smaller the effect of BTC on it and the slighter the effect of BTC on adsorption reduction of shale samples with strong adsorption capacity.

By comparing the conclusions of Ma et al.,^[@ref28]^ it is found that blank test results of different types of adsorption instruments are slightly different, but the impact of BTC on adsorption reduction of shale samples still conforms to the above rules. Therefore, BTC is required in MIAE, regardless of the type of adsorption instrument that is used in similar tests.

3.3. Impacting Factors Comparison and Dynamic Process Analysis {#sec3.3}
--------------------------------------------------------------

Through the discussion in [Section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"}, it is found that FSVR, EAAC, and BTC can all weaken the adsorption reduction of shale samples. Comparing the impact of various factors on the adsorption reduction is helpful in clarifying its dynamic process and mechanism. Therefore, the impact of various factors on adsorption reduction was compared by IPMAA ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}), and the dynamic process and mechanism of this phenomenon were analyzed here.

###### Increase in Pressure on the Maximum Adsorption Amount (IPMAA) of Shale Samples under the Impact of Various Factors[a](#t4fn1){ref-type="table-fn"}

              free space volume   excess adsorption amount   blank test                         
  ---- ------ ------------------- -------------------------- ------------ ----- --- --- --- --- ---
  Y1   0.78   1                   9\*                        9\*          9\*   5   5   5   5   5
  Y2   0.89   0                   5                          9\*          9\*   5   5   5   5   5
  Y3   1.55   0                   5                          9\*          9\*   5   5   5   5   5
  Y4   1.86   0                   3                          9\*          9\*   1   1   1   1   1
  Y5   2.36   0                   2                          4\*          4\*   2   2   2   2   0
  Y6   2.88   0                   4\*                        4\*          4\*   0   0   0   0   0

Note: *V*~max~ is the maximum experimental adsorption amount (cm^3^/g); Δ*P*~0.1~, Δ*P*~0.2~, Δ*P*~0.4~, and Δ*P*~0.6~ are the IPMAA values after the free space volume is reduced by 0.1, 0.2, 0.4, and 0.6 cm^3^, respectively (MPa); Δ*P*~0.345~, Δ*P*~0.354~, Δ*P*~0.374~, and Δ*P*~0.422~ are the IPMAA values after excess adsorption amount conversion using the densities of 0.345, 0.354, 0.374, and 0.422 g/cm^3^, respectively (MPa); Δ*P*~b~ is the IPMAA after blank test correction (MPa); asterisk (\*) indicates that the adsorption reduction has disappeared.

### 3.3.1. Factor Comparison {#sec3.3.1}

For shale samples with low and medium adsorption capacities (Y1--Y4, the maximum adsorption amount is less than 1.86 cm^3^/g), their IPMAA values under the impact of FSVR (0.2 cm^3^) are greater than or equal to those of EAAC and BTC ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). Notably, adsorption reduction in Y1 disappears after FSVR but just weakened under the effect of EAAC and BTC. It demonstrates that for adsorption reduction in those shale samples, FSVR has the strongest weakening effect on it, followed by EAAC and BTC.

Meanwhile, for shale samples with strong adsorption capacity (Y5 and Y6, the maximum adsorption amount values are 2.36 and 2.88 cm^3^/g, respectively), BTC has no effect on IPMAA. Their IPMAA values under the impact of FSVR (0.2 cm^3^) are greater than or equal to those of EAAC ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). The results indicate that for adsorption reduction in shale samples with strong adsorption capacity, FSVR has the strongest weakening effect on it, followed by EAAC, while BTC has no impact.

According to the classical gas adsorption theory, methane adsorption by shale belongs to the first type of isotherm adsorption curve.^[@ref53],[@ref54]^ Its characteristic is that the adsorption amount increases rapidly with the rise in pressure, then grows slowly, and becomes stable eventually. There should be no adsorption reduction in this adsorption curve. However, the adsorption reduction does exist in MIAE.

Through the above analysis, it is believed that free space volume, excess adsorption amount, and blank test can all reduce the experimental adsorption amount in MIAE of the shale sample. They act on various methane adsorption stages of shale sample together and lead to the occurrence of adsorption reduction eventually ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}--[8](#fig8){ref-type="fig"}).

### 3.3.2. Dynamic Process and Mechanism of Adsorption Reduction {#sec3.3.2}

The shale sample adsorbs methane continuously as the experimental pressure increases, which raises the experimental adsorption amount and has a positive effect on the experimental adsorption amount. Comparatively, free space volume, excess adsorption amount, and blank test have negative effects, resulting in a decrease in experimental adsorption amount. Adsorption reduction is the result of the combined influence of positive and negative effects above.

At the strong adsorption stage, methane in the shale sample is in an unsaturated adsorption state. Methane is adsorbed by the shale sample rapidly and the actual adsorption amount increases sharply. At this stage, free space volume, excess adsorption amount, and blank test have a weak effect on the reduction of experimental adsorption amount. The reduction of experimental adsorption amount caused by the three factors is far less than the increase in actual adsorption amount, and the negative effect of the three factors is therefore hidden by the latter. It leads to the experimental adsorption amount increasing rapidly as the experimental pressure rises and no adsorption reduction appears ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}--[8](#fig8){ref-type="fig"}).

At the approximate saturation stage, methane adsorption of the shale sample reaches the state of saturation gradually and the actual adsorption amount grows slowly. At this stage, the impact of the three factors on the decrease in experimental adsorption amount heightens gradually as the experimental pressure increases. Then, compared with the first stage, the reduction of experimental adsorption amount caused by the three factors is only slightly less than or nearly equal to the rise in actual adsorption amount, and the negative effect is a little smaller than the positive effect. Eventually, it results in slightly hidden adsorption reduction and the experimental adsorption amount increasing slowly as the experimental pressure grows.

Moreover, at the adsorption reduction stage, methane adsorption of shale is in a supercritical and approximately saturated state, and the location where methane can be adsorbed is almost filled. At this stage, the impact of the three factors on the decrease in experimental adsorption amount still enhances as the experimental pressure grows. Then, the reduction of experimental adsorption amount caused by them is larger than the rise in actual adsorption amount, the negative effect is greater than the positive effect, and their difference increases as the experimental pressure grows. Finally, the experimental adsorption amount decreases as the experimental pressure rises, and the adsorption reduction appears and becomes increasingly obvious.

3.4. Adsorption Reduction Correction {#sec3.4}
------------------------------------

Based on the analysis in [Section [3.3](#sec3.3){ref-type="other"}](#sec3.3){ref-type="other"}, it is believed that free space volume, excess adsorption amount, and blank test lead to the occurrence of adsorption reduction. Therefore, the correction of adsorption reduction should be the error adjustments of these three factors.

Blank test is corrected by subtracting the adsorption amount of blank test from the experimental adsorption amount of shale samples. There are no precise theories or instruments to calculate or measure these systematic errors. Therefore, this correction method is used temporarily to eliminate systematic errors as much as possible. The excess adsorption amount can be converted into absolute adsorption amount using [eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"}, and it can eliminate the calculation error of experimental adsorption amount. Free space volume is measured by helium, and no better measurement technology has been found until now. In the future, it is possible to calculate the true free space volume by means of molecular simulation, and the free space volume is not corrected here.

According to the above discussion, the correction of adsorption reduction can be summarized as two steps. In the first step, the experimental adsorption amount should be corrected by blank test. Then, in the second step, the corrected experimental adsorption amount should be converted into the absolute adsorption amount. The calculation results are shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}.

![Methane adsorption curve of shale samples (a--f) after the correction of adsorption reduction.](ao0c01286_0009){#fig9}

It can be seen from [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} that after adsorption reduction correction, the PMAA of all shale samples becomes the maximum experimental pressure and all adsorption reduction disappears. It [demonstrate](demonstrate)s that this correction method can effectively eliminate the adsorption reduction of shale reservoir.

Furthermore, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, adsorption stages in the experimental adsorption curve change after adsorption reduction correction. Sample Y4 is used as an example to describe it ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}d). After the adsorption reduction correction, the experimental pressure range of strong adsorption stage does not change (0--2 MPa), while the range of approximate saturation stage is extended from 2--4 to 2--9 MPa. Notably, the adsorption reduction stage disappears and turns into the saturation stage, which is consistent with the traditional adsorption curve. Other samples have the similar feature as discussed above.

This indicates that the experimental adsorption amount obtained directly from MIAE is not an actual reflection of adsorption capacity, and it needs adsorption reduction correction. The correction method has a weak influence during the strong adsorption stage but has a strong impact during the approximate saturation and adsorption reduction stages. The reason is that at the strong adsorption stage, the influence of the adsorption reduction correction is masked by the rapidly increasing experimental adsorption amount. At the approximate saturation and adsorption reduction stages, the experimental adsorption amount increases slowly, while the correction value increases faster, so that the influence of the correction on the experimental adsorption amount enhances gradually.

The above experiments and calculation results suggest that the correction method can effectively eliminate the adsorption reduction of shale reservoir. However, the correction of adsorption reduction in shale reservoir still requires deployment for specific experimental equipment and technologies.

4. Conclusions {#sec4}
==============

By conducting volumetric MIAE and data processing, adsorption reduction of shale samples during MIAE was investigated, the impact of FSVR, EAAC, and BTC on adsorption reduction of shale samples was evaluated, and the dynamic process and correction method of adsorption reduction were explored and tested, respectively. The conclusions are as follows:(1)Adsorption reduction does exist while conducting MIAE on the shale sample. In the process, the positive effect caused by adsorption and the negative effect aroused by free space volume, excess adsorption amount, and blank test act together on the experimental adsorption amount and lead to adsorption reduction.(2)At the first two stages of methane adsorption, the positive effect is greater than the negative effect, resulting in the hidden adsorption reduction. While at the adsorption reduction stage, methane adsorption of shale is in a supercritical and approximately saturated state, the positive effect is smaller than the negative effect, and their difference increases as the experimental pressure grows. Subsequently, adsorption reduction occurs and becomes increasingly obvious.(3)FSVR, EAAC, and BTC can cause the weakening or even disappearance of adsorption reduction, and their effect enhances with the increasing experimental pressure. FSVR has the strongest impact on the weakening of adsorption reduction, followed by EAAC and BTC.(4)For the adsorption reduction correction, it is necessary to carry out BTC on the experimental adsorption amount and then convert the corrected volume into the absolute adsorption amount. This correction method can effectively eliminate the phenomenon of shale reservoir. In addition, the above work is helpful in improving the accuracy of resource estimation and economic evaluation of shale gas.
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MIAE

:   methane isotherm adsorption experiment

FSVR

:   free space volume reduction

EAAC

:   excess adsorption amount conversion

BTC

:   blank test correction

PMAA

:   pressure on the maximum adsorption amount

IPMAA

:   increase in pressure on maximum adsorption amount
